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INTRODUCTION 

I.    SOLID STATE  DEVICE  RESEARCH 

Electron beam excitation of CdS crystals grown In an atmosphere of excess Cd lias resulted 
o 

in laser emission near 4900A with 350 W of peak output power and 26.5-percent overall 

(35-percent internal) power efficiency at temperatures as high as 110"K. These values of 

power and efficiency represent more than an order-of-magnitude improvement over pre- 

viously reported results. Laser action was observed, although at considerably reduced 

levels of power and efficiency, at temperatures up to 250°K. By using liquid helium as a 

coolant, an average output power of about 0.5 W could be maintained. Liquid nitrogen 

cooled samples produced up to 0.2 W of average power. The high performance of thest new 

lasers appears to be due to increased crystal uniformity and to the int roduction or en- 

hancement of highly efficient radiative transitions, both of whicli result from the Cd-rich 

growth conditions. 

ed photovoltaic response ami a quantum efficiency of up to 25 percent have been ob- 

served at liquid nitrogen temperature in large area, InSb, metal-oxide-semiconductor 

structures.    These structures consist of an InSb sample on which a 500-A oxide layer was 
o 

formed on one surface. A 100-A thick semitransparent nickel film was then deposited on 

the oxide layer, and the infrared radiation was incident on the InSb through the film and the 

oxide layer. Spectral measurements indicate that the photoresponse is due to the genera- 

tion of electron-hole pairs in a depletion region of the n-type InSb at the InSb-oxide inter- 

face. Pulsed current measurements yield a clear diode characteristic, and the overall re- 

sults are equivalent to what one would expect to obtain from a photodiode in series with a 

MOS capacitor. 

Single crystals of Pb. Sn Te alloys have teen prepared by the Bridgman technique and by 

the vapor growth process. The overall results indicate that very large single crystals of a 

predetermined composition can be grown with a high degree of homogeneity by the Bridgman 

technique. However, these crystals possess high carrier concentrations. ,md must lie an- 

nealed before useful devices can be fabricated from them. 

Pb, Sn Te crystals were also vapor grownat various temperatures between 700° and 825°C. 

For 0.16 •$ x < 0.20, p-type crystals were grown using metal-saturated source powders. An 

n-type skin, which is believed to form because of the preferential loss of Te (and probably 

Sn) from the surface during the cooling process, was observed on the crystals. For x $ 

0.10, only n-type crystals were grown from metal-saturated sources. 

Gunn oscillation waveforms which are consistent with the electric-field-controlled differ- 

entia] negative resistivity of the transferred-electron model have been studied in CdTe. 

However, a current runaw.iv process has also been observed which competes with the Gunn 
o 

effect.     During the runaway,  band-gap  radiation (—9000 A) is emitted in filament -   reaching 
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from one contact to the other. These latter effects are characteristic of a current-density- 

controlled differential negative resistivity. 

II.    OPTICAL TECHNIQUES AND DEVICES 

Further measurements of heterodyne sensitivity have been made at 10.6fj.rn using Cu-doped 

Ge detectors. The results are now in excellent agreement with the theoretically predicted 

value of 2hvB/ri for the minimum detectable power, where B is the bandwidth and T; is the 

quantum efficiency. 

Preliminary measurements have established the feasibility of Pb Sn, Te as a heterodyne 

detector for 10.6|im operating at liquid nitrogen temperature (77°K). Initial measurements 

have yielded sensitivities much poorer than theoretical values; however, modifications in 

the detector design are expected to improve the performance. 

Two stable CO„ laser oscillators have been successfully operated and their frequency sta- 

bility measured by observation of the beat frequency. The short-term stability is of the 

order of 9 and 20 kHz for observation times of 0.03 and 1 sec,  respectively. 

Further measurements have lx:en made on a sealed-off CO„ laser to determine the proc- 

esses presently limiting operating lifetime. Studies of optical emission, power output, and 

mass spectrum analyses as a function of lifetime indicate that the principal performance 

degradation is caused by conversion of the carbon dioxide to carbon monoxide and oxygen. 

III.    MATERIALS RESEARCH 

A crystal puller has been developed for the Czochralski growth of single crystals from 

melts produced by the arc-melting technique. Use of this apparatus eliminates the diffi- 

culty of finding crucible materials suitable for high-temperature growth, since the melt is 

contained by a solid shell of the same substance, which is in contact with a water-cooled 

copper hearth. 

Single crystals of Mnl.,, a compound with the Cdl„ layer structure, have been prepared by 

freezing from the melt and by condensation from the vapor phase. Both types of growth 

were obtained when helium gas was used to transport Mnl„ vapor through a resistance- 

heated quartz tube with a suitable temperature profile. 

X-ray diffraction and superconducting transition measurements have been made on InSb 

samples annealed at 65kbars. The results show that at this pressure the transition from 

the room-temperature orthorhombic phase to the high-temperature InSb-III phase occurs 

between 175° and 225°C. 

Single crystal films of Pb, Sn Se alloys with rocksalt structure have been deposited by 

evaporation on cleaved (100) faces of KC1 substrates. The composition and temperature 

dependence of the energy gap, as determined from infrared transmission data, show that 

these alloys exhibit the inversion of conduction and valence bands recently proposed for the 

Pb,     Sn Te alloys. 1-x    x ' 
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Magnetic susceptibility data, which have been obtained for MnYb„S .,  show ihat there is no 
2+ 3+ appreciable magnetic interaction between the Mn     and Yb     ions.    It has been established 

by x-ray diffraction measurements that this compound has a normal spinel structure with 

Mn     ions in the tetrahedral positions and Yb     ions in the octahedral positions. 

IV.    PHYSICS OF SOLIDS 

Exciton fine structure in the interband magnetoabsorption spectrum of InSb has been ob- 

served and studied as a function of magnetic field. Some of the structure cannot be ex- 

plained by the theory of Elliot and Loudon. 

In the magneto-optical investigation of GaSe, measurements on vapor transport grown 

samples have yielded sharper lines as well as two additional new series of lines. Pre- 

sumably, this improvement in spectra is due to the absence of strain in crystals prepared 

by this technique. 

The analysis of the HgTe interband magnetoreflection measurements has been completed. 

A least-squares fit of the data gives an energy gap E = —0.283 ± 0.001 eV and a momentum 

matrix element parameter E = 18.1 ± l.OeV; these values are quite different from pre- 

vious determinations which were not so direct. 

The study of oscillations in the magnetoreflection of arsenic continues. Some of the ex- 

perimental results are in contradiction with the Lin-Falicov band model. 

The Fourier expansion technique, previously applied to the calculation of the electronic en- 

ergy bands and the dielectric constant of silicon and germanium, has now been used to ob- 

tain the lattice vibration spectrum for solids which crystallize in the diamond structure. 

Because of the availability of a large amount of experimental data, the band parameters for 

the phonon problem can be determined to a high degree of accuracy. 

53 The zero field Cr     nuclear resonance in the ferromagnetic state of the spinel,  CdCr„Se., 

has been studied from liquid helium temperature to 115°K.    Surprisingly,  in the interval 

from   4.2°K to  liquid  nitrogen  temperature the   hyperfine field  decreased   linearly with 

temperature. 

Calculation of the high-temperature expansion of the spin correlation function for the clas- 

sical Heisenberg model, up to nine coefficients for the loose-packed lattices and to eight 

coefficients for the close-packed lattices, has been completed. The results are being ap- 

plied to problems in magnetic ordering and neutron diffraction. 

Resonant stimulated Raman scattering has been observed at~20°K in a quartz sample cav- 

ity with plane, parallel end faces which formed a Fabry-Perot etalon. The measured Stokes 

line splittings indicate an index of refraction 10 to 20 percent larger than the usual index — 

presumably because of the nonlinear response of the material under high electric field. 

The Raman spectra of trigonal, a-monoclinic, and amorphous selenium have been measured 

at room temperature with a YAG:Nd laser. For the trigonal form mode, symmetries 

have been identified by polarization measurements, and the second-order spectrum has 

been explained in terms of two phonon transitions. 
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A general technique for  calculating  Raman  .scattering from  collective    eleel con  waves  in 

solids has been developed,   in which the coupling to the collective wave is expressed  in 

terms of the thermally fluctuating vector and scalar potentials of the many-body  i 

The method can be used for longitudinal or transverse plasma waves and for mixed plasmon- 

phonon waves,  and can also include the effect of magnetic fields. 

By using a guiding-center distribution function, an expression for Landau damping of mag- 

netoplasma waves has been derived for closed Fermi surfaces of arbitrary shape in the 

case where the cyclotron frequency is much greater than the collision frequency. The 

strength of the damping is found to be determined by the average over the cyclotron orbil of 

the power delivered by the wave to the resonant electrons. 
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I.    SOLID    STATE   DEVICE   RESEARCH 

A.    HIGH  POWER AND  EFFICIENCY IN CdS ELECTRON 
BEAM  PUMPED  LASERS 

Electron beam excitation of CdS crystals grown in an atmosphere of excess Cd has resulted 
o 

in laser emission near 4900 A with 350 W of peak output power and 26.5-percent overall (35- 

percent internal) power efficiency at temperatures as high as 110°K.    These values of power and 

efficiency represent more than an order-of-magnitude improvement over previously reported 
1 

results.     Laser action was observed,   although at considerably reduced levels of power and effi- 
ciency,   at temperatures up to 250°K.    The high performance of these new lasers appears to be 
due to increased crystal uniformity and to the introduction or enhancement of highly efficient 

radiative transitions,   both of which result from the Cd-rich growth conditions. 

The thin CdS crystal platelets were grown' from CdS powder by vapor transport,   in approx- 
imately 1-atm.   pressure of Cd vapor.    Rectangular laser samples,   0.5 X 1.5 mm on a side,   were 
cleaved from the 25-ii thick platelets and mounted on the cold finger of a dewar with vacuum 

grease or pure indium solder.    A high-reflectivity aluminum layer was evaporated on one of the 

1.5 mm X 25 \i cleaved faces.    The electron beam,   0.5 mm in diameter,   was pulsed with 0.05- to 
5-jisec pulses at repetition rates from 60 to 10,000Hz. 

Although laser emission was observed at incident electron energies as low as 11 keV,   sub- 
stantial output power and efficiency were obtained only for energies in excess of about 40keV. 
This is probably due to the reduced influence of the surface and to the increase in active volume 
accompanying the deeper penetration of the higher energy electrons.    With a 60-keV,   22-mA 

beam (the maximum available with the present apparatus),   a peak power output of 350 W was ob- 
tained.    The output power level remained essentially constant over the temperature range from 
4.2° to 110°K,   while the threshold current,   which reached values as low as 50(j.A at 4.2°K,   rose 
slowly with increasing temperature,   approximately doubling over this temperature interval. 

With further increase in temperature,   however,   the threshold current began to rise very rapidly, 
with a corresponding decrease in power output,   until at 250°K the full 22-mA,   60-keV beam was 

required to reach the laser threshold.    At 300°K,   superlinearity of the spontaneous emission 
intensity as a function of beam current was observed at high currents,   indicating that laser action 
could probably be achieved at room temperature with a more powerful electron beam.    The wave- 

o 
length of the laser emission peak increased from 4897 to 5185A at 250°K,   corresponding to the 

decrease of the energy gap with temperature. 
By using liquid helium as a coolant,   the full 350-W output could be sustained for a pulse 

width of up to 0.5|j.sec and a repetition rate of up to 3 kHz,   resulting in an average output power 

of about 0.5 W.    Liquid nitrogen-cooled samples produced up to 0.2 W of average power.     Limit- 

ing values for the pulse width and repetition rate were imposed by the instantaneous and average 

heating of the sample,   respectively,   as evidenced by the fact that reduced beam power input per- 

mitted higher duty cycles.    Further,   the samples mounted using indium solder achieved higher 

1 These platelets were e,rown In   !).(!.  Reynolds of the Aerospace Research I ,al)oralor\ .  ft right-Patterson   \n   Force  Hase. 



Section I 

average power outputs than those mounted with vacuum grease,   which has a much lower thermal 
conductivity. 

The overall power conversion efficiency of the lasers,   computed from the above results,   is 
3 4 26.5 percent.    From the data of Sternglass    and Holliday and Sternglass,    it can be determined 

that for 60-keV electrons incident on CdS (average atomic number 32) the fraction of electrons 

backscattered is 0.3 and that the mean fraction of the initial energy retained by these electrons 

is very nearly 0.6,   with the result that about 18 percent of the incident power is lost by back- 

scattering.    In addition,   there is about 8-percent optical loss in the evaporated aluminum reflec- 
tive coating  ;   hence,   the internal power conversion efficiencies are at least 3 5 percent.    From 

6 7 8 9 the limited experimental data  '    and simple theoretical arguments   '    concerning the mean energy 

required to create an electron-hole pair in CdS by electron bombardment,   we can estimate that 

the maximum expected power conversion efficiency is of the order of 30 to 40 percent.    This 

would indicate that the present CdS lasers have quantum efficiencies for electron-hole recom- 
bination of very nearly unity. 

The effect of the Cd-rich growth atmosphere in inducing the observed high power and effi- 

ciency and low threshold in these CdS lasers appears to be twofold.    Whereas previously reported 
1 

samples exhibited laser action only in small localized filaments,    emission in the present lasers 

is uniform and continuous over large portions of the samples,  the active area often being limited 
in dimension only by the size of the electron beam.    This indicates that the cadmium overpressure 

during growth promotes a much more homogeneous crystal composition,   which contributes signif- 

icantly to the improved performance of the lasers.    In addition,   the laser emission in the present 
crystals results from two emission lines which have been introduced or at least greatly enh 

o 
by the growth in excess Cd vapor.    These lines appear at 4897 and 4902 A,   as seen in the typical 

spontaneous emission spectrum of Fig. I-l(a).    Depending on the particular crystal being bom- 

barded,   the stimulated emission appears from one or the other of these lines,   and somit: 

from both simultaneously. 
o 

The rapid rise in intensity and spectral narrowing of the 4897-A line as lasing is achieved is 

shown in Figs. I-l(b) and (c).    The other designated lines in the spectra of Fig. 1-1 are the more 
commonly observed CdS emission lines,   most of which have been studied and at least tentatively 

identified by others as being due to recombination of various free and bound excitons.        In par- 

ticular,   the I.  line appears to result from the recombination of excitons bound to a neutral accep- 
tor,   which is probably a Cd vacancy,   as evidenced by the fact that the I,  line is suppressed by 

11 annealing CdS in a Cd atmosphere.       The relatively low intensity of the I. line compared with 

that of the 1^ (I?R) line in the present samples indicates that crystal growth in a Cd overpressure 

has at least partially produced the same result. 
112 13 In previous work,   the author  '       and others       observed laser emission in CdS both from the 

I.  line and at slightly lower energies,   often at wavelengths nearly identical with those of the pres- 

ent results.    The latter emission occurred within the acoustic phonon wing of the strong I, line, 
and consequently was attributed to recombination of the I,  exciton with phonon cooperation.     How- 

ever,   in light of the relative prominence of the two distinct lines at 4897 and 4902A from which 

laser emission occurs in the present samples,   it appears likely that the transitions which produce 
these lines are quite separate and distinct from those responsible for the I.  line.    In support of 
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14 this conclusion,   Reynolds and co-workers,      using similarly grown Cd-rich crystals iti which 
o 

tine I,   line is almost totally absent,   have observed in the vicinity of 4900A several prominent 
o 

emission lines,   one of which (located at 4895A) is often very intense.    In all likelihood this is 
o 

the same line that we observe at 4897A from which laser emission is obtained.    Also   in earlier 
15 ° work,   Thomas and Hopfield      noted lines around 2.53 eV (4900A) which were unrelated to the I, 

line. 
One further observation which may prove to be of significance in identifying the laser tran- 

o 
sition can be seen in Figs.I-l(a) and (b).    As the beam current is increased and the 4897-A 

o 
line begins to increase rapidly in intensity,   a rather broad line at about 4871 A also begins to 
increase in amplitude at nearly the same rate,   until strongly stimulated emission appears to 

o 
occur in the former line,   at which point the latter line saturates in intensity.    This 4871-A line 

11 could be the l7r line tentatively attributed by Handleman and Thomas      to an exciton bound to a 
donor level.    The possible relationship between this line and the 4897-A line remains to be 

investigated. 
C. E. Hurwitz 
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B.    InSb MOS INFRARED DETECTOR 

We have observed infraued photovoltaic response with a high quantum efficiency in large 

area,   InSb,   metal-oxide-semiconductor structures.    Spectral measurements indicate that the 

photoresponse is due to the generation of electron-hole pairs in the depletion region of the n-type 
InSb at the InSb-oxide interface     The photovoltaic response of diffused and grown p-n junctions 

of InSb has been studied extensively by other workers;  these devices have been utilized as last, 

sensitive,   infrared detectors.    In addition,   there have been numerous reports on the enhanced 

photoconductivity of semiconductors subjected to oxidation      as well as a study of the photovoltaic 
17 response from some metal-insulator-semiconductor structures.       In the present work,   the de- 

tector is formed without the use of the elevated temperatures of diffusion or the required control 
and processing of grown junctions.    Furthermore,   the thin oxide layer on the n-type InSb provides 

a coupling capacitance which is much larger than the junction capacitance and allows one to ob- 

serve the large quantum efficiencies. 

The structures studied consist of an InSb sample on which an oxide layer was formed on one 
18 19 surface by anodizing the InSb using a 0.1 N KOH solution. A semitransparent nicke] film was 

then deposited on the oxide layer,   and the infrared radiation was incident on the InSb through the 

film and the oxide layer.    The anodization can easily be controlled to produce large-area uniform 
o 

oxide layers.    For these studies,   the( oxide film thickness was kept in the neighborhood of 500 A 
o 

The evaporated nickel films were about 100A thick.    Small opaque areas of gold were evaporati d 
on the nickel to allow for spring contacts.    The structure was mounted in vacuum with the InSb 

side attached to a liquid nitrogen-cooled heat sink. 

1 • 1 
166(1 

Mil 1 1 1 1 1 1 1 1 

Fig. 1-2. Current-voltage characteristics of InSb depletion region obtained by sampling 
a portion of 1-psec pulses. Upper curves in third quadrant correspond to an il lumination 
with room radiation, and lower curves to illumination from a globar source. Curves 
cross at origin, (a) Vertical scale is 1 mA/cm , and horizontal scale is 0.05 V/cm~'; 
(b) vertical scale is 1 mA/cm"', and horizontal scale is 0.25 V/cm"'. 
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These devices have yielded a large infrared photovoltaic response at zero bias due to the 

production of electron-hole pairs in the InSb.    The response is consistent with a model for the 

band curvature in the InSb near the oxide interface which for n-type bulk material yields a sur- 

face p-type inversion region.    The surface inversion and accumulation of anodized InSb have 

been investigated elsewhere by studying the MOS structure capacitance as a function of applied 

bias20   In the present work,   the diode characteristics were obtained by measuring the current 

vs voltage using short pulses with a low repetition rate.    Pulse lengths of about 1 fisec were 

used such that the current could be measured after the junction capacitance had charged,   but be- 

fore the oxide capacitor between the metal and semiconductor had charged by more than a few 

percent.    A low repetition rate was chosen to allow the oxide capacitor to discharge completely 

between pulses. 

Resulting current-voltage curves are shown in Figs. I-Z(a) and (b) for a sample with a bulk 

n-type concentration ofl.0tol.2X10     cm"    and a Hall  mobility greater than   7.0 x 10  cm  / 

V-sec.    Two curves crossing at the origin are shown in each oscilloscope photograph:   one with 

only background room radiation,  the other with a constant globar illumination.    The results are 

equivalent to what one would expect to obtain from a photodiode in series with a capacitor.    From 

the vertical displacement in the reverse bias region,   a photon collection quantum efficiency of 

25 percent was obtained.    The quantum efficiency appears to be limited to this value simply by 

the reflection and losses in the semitransparent film and the reflectivity of the InSb.    With no 

applied bias current,   a photovoltage is developed which can be observed by using a voltmeter 

with a higher input impedance than the resistance of the oxide or by using a chopped light source. 

The photovoltaic response as a function of wavelength is shown in Fig. 1-3.    The response is 

given in units of D*    a common figure of merit for infrared detectors defined by 

,1/2 

D? 
VS(ADAf) 

VNPX 

where V„ is the rms signal voltage,   VN is the rms noise voltage,   AD is the detector area,   Af 

is the electronic bandwidth of the measuring apparatus,   and P^ is the incident power at the wave- 

length  X.    The response curve in Fig. 1-3 is characteristic of electron-hole pair excitation across 

Ii-I9-Mtt(0l 
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Fig. 1-3.    Detectivity   D* as a function 
of wavelength. 
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the gap in InSb and extends to 5.4 p..    The peak detectivity thus far obtained is 4 x 10    cm/W-sec 
for a device with an area of 0.1 cm    and a field of view of approximately 2rr sr. 

As mentioned above,  the photovoltaic response observed in our MOS devices depends on the 
existence of a surface depletion region in the n-InSb.    The exact cause of the band bending which 

brings about this depletion region has not been determined.    Moreover,  there is also considerable 
variation in the literature as to whether oxide surface states tend to bend the conduction and 

valence bands in InSb up or down. Our present work indicates a depletion region in n-type 

material,   although we have not eliminated the possible conversion of the surface from n- to 

p-type due to room illumination.    However,  we have also used pyrolytic SiO? in place of the 

anodized film and again obtained a depletion region and the same high quantum efficiency.    We 
27 have used an etch to restore the surface stoichiometry      before applying the oxide and obtained 

15        -3 the same results.    The n-type material with an extrinsic concentration of 10      cm      yields the 
15        -3 same spectral response,  but p-type material of an extrinsic concentration of 10      cm      did not 

yield a measurable long wavelength response at zero bias current.    The p-type material did 
22 yield a photovoltaic response characteristic of the oxide.        This response is limited to short 

wavelengths,   is observed at room temperature,   and,   in contrast to the response of the depletion 
layer in the TnSb,   is optimized by chopping the light at low frequencies (the oxide response is 

shunted by the MOS capacitor while the InSb depletion layer response is in series with this 

capacitor). 

Although we have not resolved the exact nature of the surface states in anodized InSb,   we 

have found that the resulting structure may be used to form large-area MOS infrared detectors 

exhibiting a high quantum efficiency and a high detectivity.    Since the depletion region is at the 
semiconductor surface,   the absorption of light occurs in a high field region,   thereby yielding 

high collection efficiencies.    These results indicate that MOS structures of InSb,   as well as 

other low-bandgap semiconductors,   should be very useful as highly efficient infrared photovol- 
taic detectors. D   ,   D,    ,        , K. ,1.  Phelan, Jr. 

.T. O. Dimmock 

C.    CRYSTAL GROWTH,  COMPOSITION CONTROL, AND JUNCTION 
FORMATION IN  P^^Sn^e 

1.    Bridgman Crystal Growth 

Single crystals of the PbSnTe alloys have been prepared by the Bridgman technique and by 
the vapor growth process.    For the Bridgman-grown alloys with x< 0.2,   electron microprobe 

analysis has shown that the surface of crystal slices cut perpendicular to the growth direction 
are homogeneous within the experimental error of the microprobe of ±0.5 mole-percent SnTe. 
The compositional variation along the length   L of a typical Bridgman crystal is:    x = 0.127 for 

L = 0,   to x = 0.140 for L = 5 cm.    The alloy composition and hole-carrier concentration for the 
first-to-freeze alloys are given in Table 1-1.    It is concluded that very large single crystals of 
a predetermined composition can be grown with a high degree of homogeneity by the Bridgman 

technique.    However,   these crystals possess high carrier concentrations,   and must be annealed 

to reduce this concentration before useful devices can be fabricated from them. 
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TABLE  1-1 

LIQUID COMPOSITION, SOLID COMPOSITION, AND CARRIER CONCENTRATION 
OF BRIDGMAN-GROWN CRYSTALS OF Pb.     Sn Te 

1-x     X 

Liquid Composition 
X 

First-to-Freeze 
Solid Composition 

X 

First-to-Freeze Hole- 
Carrier Concentration 

at 77°K 
(cm  ) 

Mall 
Mobility 
at 77°K 

0.0 0.0 3.OX 1018 - 

0.2 0.127 3.IX lo" 940 

0.3 0.20 
19 

2.4X lO1 240 

0.7 0.62 
20 

3. OX 10 60 

2. Isothermal Annealing 

It is well known that excess Pb and excess nonmetal defects introduce donor 'and acceptor 

levels,   respectively,   in the energy band structure of lead salts.    The defect concentrations can 
be altered by a variety of annealing techniques.    The isothermal annealing technique,   which was 
first used by Brebrick on PbTe,   has been used to obtain the solidus lines on the metal-rich side 
for various compositions in the Pb.     Sn Te system.    This technique involves the equilibration 

under isothermal conditions of a powder of known composition with a crystal of any initial defed 

concentration. 
Bridgman-grown crystals of 1-mm thickness were sealed in evacuated quartz ampoules,   and 

separated by a shelf from metal-rich powder (~5-percent metal-rich) of the same Pb/Sn ratio as 

the crystal.    The crystals were annealed for various times and temperatures,   and quenched in 
water.    Resistivity,   Hall coefficient,   and Seebeck coefficient (a) measurements have been 

ried out on the crystals.    Pertinent data obtained are presented in Table 1-2. 
By the incorporation of copper by diffusion,   n-type material with a carrier concentration of 

1.4 x 10     /cm    was prepared for x = 0.20.    The results of the isothermal annealiiu 
28 29 on Pb,     Sn Te are consistent with previous investigations     '      in this area. 

3. Vapor Growth 

Pb      Sn Te crystals were vapor-grown at various temperatures between 700° and 82' 

using a 10-g powdered source ingot of various compositions,   and air-cooled from the growth 

temperature.    The source ingot was prepared from a 100-g mixture of the components whir 

been heated above the melting point and water-quenched. 

For 0.16 < x< 0.20,   p-type crystals were grown using metal-saturated source powders. 

An n-type skin,   which is believed to form due to the preferential loss of Te (and probably Sn) 
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TABLE  1-2 

RESULTS OF* ISOTHERMAL ANNEALING EXPERIMENTS OBTAINED 
ON BRIDGMAN-GROWN CRYSTALS 

Composition Pb«  0Sn_  „Te 
U. o     U. Z 

Sample 
Temperature 

(°C) 

Annealing 
Time 
(hr) 

a,HV/°K 
at 300°K 

Hole-Carrier 
Concentration 

at 77°K 
(cm-3) 

Hall Mobility 
at 77°K 

(cm'/V-sec) 

825 23 93 
19 

1.2X 10 2,100 

750 100 167 3.7X1018 6,900 

700 314 235 1.8X 1018 12,000 

650 293 221 2.8X 1018 9,000 

Composition Pb0832Sn0168Te 

750 100 179 3.3X 1018 5,100 

700 312 202 1.4X 1018 4,750 

650 312 209 6.5X 1017 9,950 

Composition Pb-  oySn.   . _Te 

700 312 235 2.7X 1017 20,000 

650 312 245 2.2 x 1017 18,700 

from the surface during the cooling process,   was observed on the crystals.    For x < 0.10,   only 

n-type crystals were grown from metal-saturated sources. 
T. C. Harman 
Mary C. Finn 
A. E. Paladino 

D.    NEGATIVE RESISTIVITY EFFECTS IN CdTe 

The following is the abstract of a thesis submitted to the Department of Electrical Engineer- 

ing,   M.I.T.   on 19 January 1967 in partial fulfillment of the requirements for the degrees of 

Master of Science and Electrical Engineer. 

"Observations of Gunn oscillation waveforms in n-CdTe are found to be consistent 
with the electric-field-controlled differential negative resistivity of the transferred- 

electron model.    A threshold field of about 10,500 v/cm and a domain transit velocity 

of about 7X10   cm/s are determined. 
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"A current runaway process has been discovered which competes with the Gunn 

effect in CdTe.    After several cycles of Gunn oscillations,   the sample current rises 
o 

while the sample voltage drops.    During the runaway,   band-gap radiation (~9000A) 

is observed to be emitted in filaments reaching from one contact to the other.    The 
effect is what one would expect if the material had a current-density-controlled 

differential negative resistivity.    The conductivity increase is ascribed to excess 

hole-electron pairs rather than impact-ionization of impurities because the number of 
band-gap photons emitted from the sample after turn-off of the current pulse is at 
least ten percent of the number of excess electrons present during the pulse.    Hole 

injection from contacts can be eliminated since short pulse (3 ns) experiments show 

light being emitted across the entire filament length.    Low-field avalanche of the type 
30 proposed by Copeland      is suggested as the mechanism for the hole-electron pair 

generation and the accompanying negative resistivity." 
M. R. Oliver 
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n.   OPTICAL   TECHNIQUES   AND   DEVICES 

A.    OBSERVATION OF THEORETICALLY  PREDICTED  10.6-Mm 
HETERODYNE SENSITIVITY IN Ge:Cu 

12 Recently,  we reported  '    on a measurement of the S/N ratio and minimum detectable power 

for heterodyne detection of scattered radiation at 10.6 p.m.    Using photoconduetn e Ge:Cu as the 
detector,  the observed minimum detectable power was found to be within 10 dH of the theoi< 

result for the perfect quantum counter,  hyAf = 1.9 x 10        W/Hz bandwidth. 

In calculating the theoretically expected result for a real photoconductive detector,   how- 
ever,   the presence of both generation-recombination noise and of a quantum efficiency   r\ differ- 

ing from unity tends to degrade the S/N ratio.    Taking these effects into account,  the minimum 
detectable power P is given by (2/TJ) ht>Af rather than by hi>Af as in the ideal case. '      For 
the detector used in these experiments,   r\ =< 0.5,   and the expected value of P is therefore 

7 0 S 
4hi/Af «x 7.6 X 10"iuW/Hz beamwidth. 

Using the same modified Michelson interferometer and experimental conditions as used pre- 
1 2 viously, '    we have observed this theoretically predicted heterodyne sensitivity.    The results of 

this measurement are shown in Fig. II-1.    The solid line is the observed S/N power ratio 
(S/N) of the heterodyne signal as a function of the signal beam radiation power P  .    With 

a heterodyne signal centered at about 70 kHz and an amplifier bandwidth of 270 kHz,   the exp 
mentally observed minimum detectable power P is seen to be 2 X 10        W.    In a 1-IIz band- 

s -20 width,   this corresponds to a minimum detectable power of 7 X 10        W,   which is to be compared 
-20 with the expected value of 4h^Af en 7.6 x 10       W calculated above.    It is therefore clear that the 

observed results are within 6 dB of the theoretically perfect  quantum counter,   and are in sub- 

stantial agreement with the theoretical result expected for the Ge:Cu detector used in these 

experiments. 

A sample waveform of the heterodyne signal voltage in the time domain (tor a signal beam 
_Q 

power of 1 x 10     W) is shown in Fig. II-2(a).    The predominant frequency observed corresponds 
to a period of 14 psec.    The power spectral density of the heterodyne signal (as a function of 
frequency) is shown in the typical trace of Fig. II-2(b).    A Panoramic model SB-15a ultrasonic 

_1 
spectrum analyzer,  operated with a trace sweep speed of ^4 sec     ,   was used for the observa- 

tions.    The center frequency of 70 kHz is seen to correspond to the period of 14^sec observed 
in Fig. II-2(a).    Both traces were obtained directly across the (1-kohm) photoconductor load 

resiStor- M.C.Teich 
R.J. Keyes 
R. H.  Kingston 

B.     PHOTOVOLTAIC HETERODYNE DETECTION OF COg  LASER 
RADIATION IN Pb^n^Te 

5 Heterodyne detection has been performed at 10.6 (j.m in a Pbn s>Sn 17Te diode operated 

in the photovoltaic mode. The experimental arrangement is shown in Fig. II-3. This setup is 

similar to that used in experiments with photoconductive Ge:Cu (Refs. I and 2).    Here,  however, 

1 1 
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Fig. 11-1.    Heterodyne S/N ratio vs signal power for Ge:Cu detector. 

Fig. 11-2.    (a) Sample waveform of heterodyne signal; 
(b) power-spectral density of heterodyne signal. 
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Fig. 11-3.    Experimental arrangement for heterodyne 
detection at 10.6 LTTI in photovoltaic Pb  Sn.     Te. 

the device is operated as a low-impedance photovoltaic detector at liquid nitrogen temperatures 

(77°K), rather than as a photoconductor at liquid helium temperatures (4°K). The experimental 

procedure is similar to that described in experiments with Ge:Cu. 
The detector output voltage has been observed to be proportional to the square root of the 

signal beam power (<* /P ),  as would be expected for heterodyne operation.    However, the S/N 
ratio is higher than the theoretically calculated result, and attention is presently being directed 

to improve this aspect of the experimental operation. M   r   T   '   h 

C.    STABILITY MEASUREMENTS OF C02-N2-He LASERS AT 10.6-/im WAVELENGTH 
6 7_Q 

The short-term stability    of the beat frequency of two stable,   single-frequency (TEM 

mode) CO,-N2-He lasers has been measured.    Both lasers were sealed-oi'f and free-running 

without any feedback stabilization.    The width of the spurious frequency modulation was typically 
of the order of 9 and 20 kHz for observation times of 3 x 10      and 1 sec,  respectively.    On one 

occasion, the frequency spread remained less than the spectrum analyzer resolution (~ 500 Hz) 

for several seconds,  and the slow drift did not exceed a few kilohertz for several minutes.    The 

observed frequency jitter was caused by environmental fluctuations such as acoustic vibrations, 

plasma instabilities,   power supply noise,  variations of temperature and pressure,  etc.    There- 

fore,   these measurements should not be confused with the ultimate spectral width of a laser os- 

cillator;   this linewidth is dominated by frequency fluctuations caused by the random walk of the 
Q 

oscillation phase under the influence of spontaneous emission or quantum noise.      For a two- 
level system,  the linewidth of the laser above the threshold of oscillation is approximately 

OOq 

Af ~   ^ (Af       ..   )Z (1) P cavity v   ' 

where Af is the full width between the half-power points of the Lorentzian line,   h is Planck's 

constant,  f is the frequency,   P is the power output of the laser,  and Af       .      is the "cold" band- 

width of the laser cavity.    Even though the CO?-N?-He laser is not a relatively simple two-level 

system,   Kq. (1) was used to estimate the linewidth for a power output of P = 10     W and a full 

cavity bandwidth of Af » 6 MHz.    These parameters were typical of the experiments de- 
- 5 scribed here,  and the resulting linewidth estimate was Af ~ 2x10     Hz. 

U 



Section II 

The lasers used in these experiments were DC-excited internal mirror tubes,   in which the 

mirror holders were rigidly held apart by four invar rods.    In most mechanical detail,  these 
14 lasers are similar to those employed in earlier intensity fluctuation experiments      using HeNe 

o 
lasers operated at 6328 A.    Modifications included a water-cooled discharge tube section oper- 

able with either a 10- or 20-cm length gas discharge in the optical cavity.    In addition,   a differen- 

tial screw tuning mechanism was added to one of the mirror holders to permit a 3. 5-^m-per-turn 

axial motion of the laser mirror.    In the design of this device,  utmost care was taken to insure 

both rigidity and pure axial motion.    The tuner was inside the tube envelope and could be com- 

pletely decoupled from the actuator that moved it from the outside. 

A nearly semiconfocal optical cavity configuration was used in both lasers. The distance 

between the totally reflecting 1-m radius mirror and the 2-percent transmission flat multiple 
dielectric layer coated mirror was 48.5 cm.    A 5.6-mm beam-limiting aperture was placed in 
front of the spherical mirror,   resulting in about a 10:1 relative diffraction loss ratio between the 

15 lowest loss off-axis (TKM,.   ) mode and the desired fundamental (TEM0Q  ) mode.       The overall 
gain of the lasers was adjusted so that only fundamental (TEMnf)  ) mode operation could overcome 
the combination of mirror and diffraction losses. 

During the stability measurements,   the lasers were acoustically isolated by a wooden box 

lined with fiberglass.    This box was supported by a heavy granite slab which was,  in turn,  iso- 

lated from floor vibrations by inflated rubber inner tubes.    After careful alignment,   the two laser 

beams were recombined by a dielectrically coated Irtran beam-splitter.    The recombined beam 

was detected by a liquid nitrogen cooled gold-doped germanium detector which was externally 

loaded by 1 kohm.    The RC time constant of the detector,  together with the Tektronix 1121 am- 

plifier following it,   limited the observation of beat frequencies to less than 30 MHz.    The Low 

frequency limit was set by the width of the zero-spike on the spectrum analyzer and by frequency 
jitter. 

Both lasers were sealed off with the following gas fill:   C02 ~ 3 torrs;   N, ~ 3 torrs;   He   - 
12 torrs.    The final seal-off pressures were chosen in part as a result of detailed measurements 

of power and discharge characteristics as functions of gas mixtures and current,   and in part as 

a result of life-test data by Carbone.       The lasers have been sealed off for about 7 weeks,   and 
have operated for approximately 100 to 200 hours.    At the time of this writing,   both lasers were 

still in operating condition. 

All the aforementioned design considerations were experimentally verified.    Not only was the 
familiar circular spot pattern characteristic of the TEM»n    modes observed,   but a single beat- 

frequency was always observed on the oscilloscope and on the spectrum analyzer.    Figures II-4(a) 

and (b) show a 7.5-MHz beat-frequency on a Tektronix 585 scope and on a Hewlett-Packard 851 
spectrum analyzer,   respectively.    Note that both instruments were operated in the internal trig- 
ger mode (not single scan) so that the film exposure times used allowed the integration of many 
traces on both the scope and spectrum analyzer photographs.    The largest spike in the center of 

Fig. II-4(b) is the zero center frequency and is entirely instrumental.    The two other symmetrical 
spikes at 7.5 MHz to either side of zero correspond to the 7.5-MHz sine wave.    Also,   it should be 
noted that the spectrum analyzer display was logarithmic and no other beat-frequency could.be 
observed within the 60-dB dynamic range of this instrument. 

11 
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-12-5615-1 

A/VWVV (a) 

Fig. 11-4.    Beat-frequency of two lasers at 7.5 MHz. 
(a) Oscilloscope trace: 10~'-sec/cm horizontal sweep, 
internal   trigger   operation,   0.5-sec    exposure    time. 
(b) Spectrum analyzer display: vertical scale logarith- 
mic, zero center frequency, 10-MHz/cm horizontal 
dispersion, 3 X 10"^-sec/cm sweeprate, 10-kHz IF 
bandwidth, internal trigger operation, 0.2-sec exposure 
time. 

(b) 

By using the tuning mechanism previously described,  the observed beat-frequency could be 
tuned from tens of kHz to 28 MHz,   and displays similar to those of Fig. II-4 were produced. 
Figure II-5(a) shows a typical spectrum analyzer photograph of a 7.5-MHz beat-frequency similar 
to that of Fig. II-4.    However,   the frequency dispersion has been narrowed to 30 kHz/cm and to 
the IF bandwidth of 1 kHz.    The combination of a 1-sec exposure time and the 3X10    -sec/cm 

sweeprate of Fig. II-5(a) allowed the integration of approximately 33 consecutive traces on the 

photograph.    Thus,   Fig. II-5(a) indicates an approximately 20-kHz wide envelope for the combined 
frequency drift and jitter contributed by both lasers.    For an exposure time of 3 x 10     sec,   an 
approximately 9-kHz envelope width was typical.    Single-scan pictures at 3 X 10   -sec/cm sweep- 

rates seldom yielded anything different from the frequency spike caused by a Hewlett-Packard 

608 generator which is shown in Fig. II-5(b).    At this point,   it should be emphasized that the effec- 

tive resolution of a spectrum analyzer is not necessarily given by the IF bandwidth   B,   but rather 

by the combination of  B (in hertz),   sweeptime  T (in seconds),   and dispersion Af (in hertz).    For 
most conventional spectrum analyzers with a Gaussian IF response,   the effective resolution   K 
may be shown to be 

2il/2 

» = »['-•'"© 1 (2) 

Thus,   in spite of a 1-kHz IF bandwidth,  the effective resolution was approximately 4.5 kHz for 
Figs. II-5(a) and (b),  both of which were photographed with identical analyzer and camera settings. 

The stability thus far observed is considered poor because of relatively bad environmental 

conditions.    On one occasion at least,  the beat-frequency fluctuation stayed well within the 
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-82-5614- 

Fig. 11 —5(a). Beat-frequency of two lasers at 7.5 MHz on a higher resolution 
spectrum analyzer display: vertical scale linear, 30-kHz/cm horizontal dis- 
persion, 3X 10~3-sec/cm sweeprate, 1-kHz IF bandwidth, internal trigger 
operation,  1-sec exposure time. 

-82-5614-2 

Fig. Il-5(b).    Output of Hewlett-Packard 608 signal generator; spectrum 
analyzer settings and exposure time are identical to those of Fig.ll-7(a). 
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approximately 500-Hz resolution limit of a Panoramic spectrum analyzer for several seconds, 

and the slow drift did not exceed a few kilohertz on a 1-kHz/cm display for several minutes. 

This observation shows that the conservative but more typical stability figures given above can 
In   unproved with proper care and equipment. 

The measurements described here are considered only preliminary in order to test some 

of the design features of the lasers and to facilitate the choice among the different approaches 

pertaining to more refined frequency stability measurements as partially outlined by Siegman, 

et al.,    and in Kef. 6.    We hope that future experiments with improved lasers and experimeiit:i I 
setup will result in better stability figures. _   _ p J     H C. Freed 

D.    C02 10.6-ix LASER 

The CX), laser tube discussed in the last Solid State Research Report     was operated for 
several 100-hour periods,  each with a new pressure fill of 2 torrs CO?,   2 torrs N?,  and 7 torrs 
He.    The time periods were not continuous,   but accumulated over approximately a 1000-hour 
interval so that several different ballast volumes could be used and gas samples mass spectrum 

analyzed after different time intervals of operation. 

Gas samples were mass spectrum analyzed by the Rare Gas Department of Air Reduction 
Company,   Inc.,   and the results of one sample taken from a tube after 20 hours of operation are 
presented in Table II-l. 

TABLE ll-l 

MASS SPECTRUM ANALYSIS OF   GAS  SAMPLE  FROM CO    LA5ER 

Percent of Constituent Percent of Original 
Constituent by Pressure Constituent by Pressure 

H2 0.2 - 

He 60.88 63.64 

N2 
18.0 18.18 

co2 9.66 18.18 

°2 3.43 - 

CO 8 — 

SN2 <15 ppmt — 

NO 

N20 <100ppm — 

N02 

t Parts per million. 

• Solid State Research Report, Lincoln I .aboralon . Ml   T. ( l')<><>: t). (>. I. . HDC 6 176HH. 
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Analyses of other samples show similar results with a large relative percentage of CO compared 

with percentages of CO? and N?,  and this held even in an analysis taken after 95 hours of opera- 

tion.    Because of the CO formation,  the CO., pressure is overfilled relative to the N    pressure. 

The data show that the CO density may saturate at approximately 8 percent of the tube pressure 

or possibly slowly decrease from this value in the time period of 100 hours.    If these results are 

indicative of future findings,  then the major chemistry in the CO? laser discharge is the forma- 

tion of CO and 0? from CO? up to a given density of CO.    The saturation of CO may be explained 

by the large He density which acts as a third body in the reaction 

CO + O + He - C02 + He 

which becomes an appreciable process when CO reaches a given density.    Other molecules 

(especially N.O),  if formed,  are done so in a reversible reaction,  which maintains a low den- 

sity,   so that the N, content is changed very little during the tube operating interval.    The high 

relative percentage of CO and O-, formed in the discharge can explain the lower power efficiency 
17 per unit volume      of a sealed-off tube compared to a tube that has gas rapidly flowing through 

the laser.    Instead of an optimum tri-gas mix of N?,   CO?,   and He,   a mix of five gases (N   ,   CO?, 
He,   CO,   and 0?) is present,   which unfortunately has a lower power efficiency because CO is less 

efficient than N    in its role of exciting the upper CO., laser level. 

Figure II-6 shows the output power as a function of operating time.    Three curves are shown, 

each with a different ballast volume.    Indications are that the ballast has some effect on tube life, 

15 55 b66ij 

1 3-LITER VOLUME 

2-LITER VOLUME (ballast) 

05-LITER VOLUME 

J I I I I I L J L 
100 

HOURS OF TUBE  OPERATION 

Fig. 11-6.    CO« laser output power and spontaneous radiation emission as function of operating time. 
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i.e.,  a larger volume means a longer life,   but the reasons for this are not yet completely c 
o 

In Fig. II-6,   the CO band head (5610 A) shows a functional decrease in intensity that follows a 

simultaneously measured power decrease as observed for the 0.5-liter ballast curve,   but the 

CO density within the fill should not be changing an appreciable amount.    Therefore,   to drasti- 

cally change the measured power and radiation output,   other undesirable processes (such as a 

slow increase in impurities from the tube electrodes and walls,  and/or a minute atmospheric 

leak) must become important as the laser operates.    There is some experimental evidence to 

support the existence of these processes,   but results are to be rechecked.    In either rase,   the 

ballast volume will put off the appearance of deliterious effects. 

Work is continuing to confirm the above results and to strive for a sealed-off CO, laser 

with a lower CO and O-, content by trying to maintain a mix similar to that in a flowing gas tube. 

R. .1. Carbi in 

REFERENCES 

1. M.C Teich,  R.J. Keyes, and R. H. Kingston,  Appl. Phys. Letters 9, 357 (1966). 

2. Solid State Research Report,  Lincoln Laboratory,  M.I.T.  (1966:4), p. 15, 
DDC 647688. 

3. S. Jacobs and P. Rabinowitz, "Optical Heterodyning with a CW Gaseous Laser," 
in Quantum Electronics III, edited by P. Grivet and N. Bloembergen (Columbia 
University Press, New York,  1964), p. 481. 

4. R.C.Jones, Proc. [RE 47,   1481 (1959); A. van der Ziel,   Fluctuation Phenomena 
in Semi-Conductors (Academic Press, New York,   1959), pp.22 and 65. 

5. I. Melngailis and A. R. Calawa, Appl. Phys. Letters 9,  304 (1966). 

6. Proc. IEEE 54 (February 1966), Special Issue on Frequency Stability. 

7. T. S. Jaseja, A. Javan, and C. H. Townes, Phys. Rev. Letters 10,  165 (1963). 

8. A.E. Siegman, B. Daino, and K.R. Manes,  "Preliminary Measurements of Laser 
Short-! erm Frequency Fluctuations," to be published in the IEEE J. Quant. 
Electron.  (May 1967). 

9. R.A. Brandewie,  W.T- Haswell, III, and R.H. Harada,  IEEE J. Quan:. Electron. 
QE-2, 756 (1966). 

10. M. Scully and W. E. Lamb, Jr.,  "Quantum  Theory of an Optical  Maser," sub- 
mitted to Phys. Rev. Letters. 

11. U.J. Pauwels,  IEEE J. Quant. Electron. QE-2,  54 (1966). 

12. M. Lax, Physics of Quantum Electronics,  Conference Proceedings,  edited by 
P.L. Kelley, B. Lax, and P. E. Tannenwald (McGraw-Hill, New York,   1966), 
p. 735. 

13. V. Korenman,  ibid.,  p. 748. 

14. C. Freed and H.A. Haus, Phys. Rev. 141, 287 (1966),  DDC 633186. 

15. T. Li,  Bell System "lech. J. 44, 917 (1965). 

16. R. Car bone, private communication. 

17. G.J. Schulz,  Phys. Rev.  135,  A988 (1964). 

la 





HI.    MATERIALS   RESEARCH 

A.    ARC-MELTING  FURNACE  FOR CZOCHRALSKI GROWTH OF SINGLE CRYSTALS 

In order to grow single crystals from the melt at high temperatures,   it is necessary both 

to supply enough heat for melting the material and to contain the liquid produced.    In the Verneuil 
method,   no crucible is required since a very small quantity of melt produced by a flame,   arc,   or 

plasma is retained in the form of a molten cap on the source rod by means of surface tension.    The 

Czochralski method is capable of producing better crystals because it uses a large melt which 

contributes to interface stability and also acts as a reservoir into which impurities can be rejected. 
However,   this method generally has required a crucible,   and it is often difficult to find a crucible 
material that does not contaminate the melt.    To solve this problem,  an arc-melting furnace has 
been developed which permits Czochralski growth without a hot crucible. 

In conventional arc melting,   an arc is struck in argon between a tungsten electrode and the 

sample,   which rests on a water-cooled copper hearth.    Because of the poor thermal contact be- 
tween the sample and the hearth,   the sample can be almost entirely molten while the hearth re- 

mains at a relatively low temperature.    A hot crucible is not required,   since the melt is sup- 

ported by a solid shell of the same substance in contact with the hearth.    This method has been 
used to prepare polycrystalline "buttons" of a wide variety of metals,   semiconductors,   and in- 

sulators with melting points from as low as 200°C to as high as 3600°C.    There is no appreciable 
contamination by either the electrode or the hearth,   since the concentration of either tungsten or 

copper in such buttons rarely exceeds a few parts per million. 

The arc-melting furnace constructed for Czochralski growth is shown in Fig. III-l.    It uses 
three cathodes to heat the periphery of the melt,   which is supported by a water-cooled copper 

crucible.    The furnace consists of an upper cathode member and a lower anode member,   which 
are insulated from each other by a pyrex ring.    The upper member contains a central hole through 
which a water-cooled seed rod,   mounted in a ball and socket,   is raised or lowered by a pulling 

mechanism.    There are also six holes equally spaced around the circumference:   three containing 
tungsten electrodes mounted in ball and O-ring sockets,   and three sealed with quartz windows. 
The lower member consists of a central graphite or copper piston (2.5 cm in diameter) which can 

be raised or lowered manually inside a copper cylinder,   which is taper-fitted into a water-cooled 

brass cylinder containing the gas ports and current leads.    The furnace is powered by a 500-A 

DC welding generator,  and each arc is stabilized by a variable ballast resistor. 
The furnace is loaded by placing a 10- to 20-g charge of source material in the crucible 

formed by lowering the central piston below the top of the copper cylinder.    The system is then 

flushed with argon.    A flow rate of 4 i/min.   is satisfactory,   since the total gas volume is only 

about 200 cm   .    Arcs are struck from the three electrodes to the walls of the copper cylinder, 
and the piston is raised until the arcs strike the charge and a melt is formed.    Since the arcs 

strike the melt tangentially,  a stirring action is produced in the liquid.    (For compounds which 

can be prepared by arc melting,   it is frequently convenient to charge the furnace with the ap- 
propriate constituents and perform the synthesis just before crystal growth.    This procedure 
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Flg. 111-1.    Arc-melting furnace for Czochralski growth 
of single crystals. 

Fig. 111-2.    Crystal of NbO being grown in arc-melting furnace. 
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has been used in the growth of TiO,   Ti?0,,  and NbO,   which are prepared from a charge con- 
sisting of the metal and its highest oxide.) 

To initiate crystal growth,   the seed rod (usually tungsten) is dipped into the melt and the 

power is adjusted to produce a growth interface a few millimeters in diameter.    The rod is 

gradually raised until ~ 5 mm of growth has occurred,   after which the interface is moved to 

another part of the melt by shifting the rod.    Following ~ 5 mm of additional growth,   the inter- 

face is moved to the center of the melt.    These operations form a V-shaped section in the boule 

which helps to reduce the degree of polycrystallinity.    Finally,   the power is reduced to increase 

the diameter of the crystal to the desired size,  and growth is continued at a rate which is typi- 

cally several inches per hour.    A crystal of NbO growing under these conditions is shown in 

Fig. III-2. 

A large number of NbO    boules,   with 0.95 < x < 1.02,  have been grown in the arc-melting 
furnace from melts with 0.94 < x < 1.07.    Some of these boules are single crystals,  and all con- 

tain grains large enough for electrical measurements.    The furnace has also been used to grow 

a number of Ti?0, crystals containing various dopants.    The versatility of the apparatus is 
illustrated by Fig. Ill-3,   which shows boules of seven different materials all grown in a single 

day.    Although some of the boules are polycrystalline,   it is likely that single crystals could be 
obtained by using higher quality source material and a seed more suitable than tungsten.    Suc- 

cessful growth of Sn and Ge,   the lowest melting materials,   required low currents (about 10 A 
per arc),   large quantities of melt,   and good wetting of the seed rod in order to maintain a suf- 

ficient temperature gradient.    The boules of V,  Cr,   VO,   and Ti-,0, were grown easily with 
currents between 40 and 60 A per arc.    Difficulties encountered in growing the highest melting 

material,   Nb,   showed that growth at temperatures above 2500°C would require currents higher 
than the maximum of 60 A per arc presently available. 

* 

Fig. 111-3.    Boules grown in arc-melting furnace.    Left to right, in order 
of increasing melting point:   Sn, Ge, V, VO, Ti  O  , Cr, and Nb. 
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All the crystals grown so far in the arc-melting furnace are good conductors,   since the 

present method relies on the excellent heat transfer from an arc to a conductor.    In order to 

obtain nonconducting crystals,   some change in melting technique    would be required.    The pres- 
ent apparatus could be used without modification with nitrogen or hydrogen atmospheres,   but 

special cathodes    would be necessary for growth in oxygen. 

T. B. Reed 
E. R. Pollard 

B. GROWTH OF Mnl2 SINGLE CRYSTALS 

Single crystals of Mnl?,   a compound with the Cdl? layer structure,   have been prepared by 

condensation from the vapor phase and by freezing from the melt.    The crystals were grown in 

a 30-mm-diameter quartz tube which was placed in a resistance-heated muffle furnace.    The 

tube was loaded with a charge of iodine crystals near the inlet end and a charge of manganese 

metal further inside.    Helium gas at one atmosphere pressure was passed through the tube. 

During crystal growth,   the temperature along the tube increased from room temperature 

at the inlet to a maximum of 760°C,   decreased to 720°C near the center of the furnace,   increased 

again to 760°C,   and then decreased to room temperature at the outlet.    The temperatures of the 

iodine and manganese charges were about 70° and 720°C,  respectively.    Under these conditions, 

iodine vapor transported by the helium reacted with the manganese to produce Mnl? vapor.    Part 

of the latter condensed in the minimum temperature region at the center of the tube to form a 

pool of liquid;   the remainder was transported to the cooler parts of the tube,   where it condensed 

as pink platelet crystals.    When the furnace was turned off,   red grains of Mnl? as large as 1 cm 
on an edge and several millimeters thick were formed by solidification of the melt.    Since Mnl, 

is very hygroscopic,   the crystals deteriorate quite rapidly if exposed to air. 

T. B. Reed 
W. J. LaFleur 

C. HIGH-PRESSURE  PHASE  DIAGRAM OF InSb 
3 

The existence of the high-pressure InSb phase designated as InSb-III was reported previously. 
The superconducting transition temperature T    for this phase was found to be 4.05 ± 0.1 °K,   com- 

pared with 2.0 ± 0.1°K for the tetragonal InSb-II phase and 3.5 ± 0.1 °K for the orthorhombic phase. 

With increasing temperature,   InSb-II is transformed into InSb-III at 308 ± 7°C for a pressure of 

37kbars,   and at 287 ± 12°C for 52kbars. 
In order to obtain additional information on the range of stability for InSb-III, T and x-ray 

diffraction measurements have been made on InSb samples annealed at 65kbars for 1 to 15 days 
at temperatures between 100° and 400°C.    The results are summarized in Table III— 1.    Only 
InSb-III and orthorhombic phases are present in any of the samples.    The absence of InSb-II  is 

4 
consistent with the data of McWhan and Marezio,   who report that at room temperature the or- 

thorhombic phase is stable at 60kbars. 
The results listed in Table III-1 for samples annealed at 175° or below are inconsistent, 

since samples which were melted at 65kbars before annealing have T    values characteristic 

of InSb-III,   while those which were not melted have T    values of the orthorhombic phase.    Al- c r 

though the data are not conclusive,   we believe that the samples which were not melted had attained 
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TABLE lll-l 

DATA ON  InSb SAMPLES ANNEALED AT 65 kbars 

Annealing 

T 
c Phase Temperature Time 

Pretreatment (°C) (days) (°K) (x-ray) 

Equilibrium Samples 

Melted 400 1 3.97 - 

None 250 4 3.87 - 

None 225 10 3.85 Ill 

Melted 225 4 3.89 II 

Melted 200 15 3.88 - 

None 175 11 3.45 Orthorhombic 

None 150 4 3.39 Orthorhombic 

None 100 7 3.55 - 

Nonequilibrium Samp les 

None 175 4 3.71 - 

Melted 150 2 3.98 - 

Melted 125 4 4.02 - 

Melted 100 4 4.01 Contains III 
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thermal equilibrium during annealing,  and that the orthorhombic phase is stable at these tempera- 

tures.    The other samples crystallized from the melt in the InSb-III structure,   since this phase 

is in equilibrium with the liquid at 65 kbars,   and apparently were not annealed long enough to be 

transformed into the orthorhombic phase.    Therefore,  they are listed as nonequilibrium samples 
in Table III-1. 

The data show clearly that InSb-III is the stable phase at 225°C,   since it was observed for 
both samples annealed at this temperature,  one of which had been melted and the other had not. 
Therefore,  at 65 kbars the transition from the orthorhombic to InSb-III phase occurs close to 
200°C. 

A tentative pressure-vs-temperature diagram for InSb,   based on all the data currently avail- 

able,   is shown in Fig. III-4.    The dotted lines are schematic.    The boundaries between InSb-III 

and the other solid phases between 65 and 80 kbars are drawn to indicate the influence of the 
triple point between InSb-II,   InSb-III,  and the orthorhombic phases.    No precise data are avail- 

able on the boundary between the InSb-II and orthorhombic phases.    The resistivities of these 

phases are apparently too similar for the boundary to be determined by electrical measurements. 
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Fig. 111-4. Pressure-vs-temperature diagram for InSb. Dashed extrapolation of boundary 
between InSb-ll and InSb-lll is consistent with thermodynamic dataP Dotted lines are 
schematic. Observations of orthorhombic phase are indicated by: X (this work), 
A (McWhan and Marezio4), and D (Kasper and Brandhorst'). The v represents transi- 
tion observed by Minomura, et a\.p to phase with Tc = 4.8°K. 

The transition from the orthorhombic to InSb-III phase at room temperature is shown at 80 kbars, 
where Minomura,   et al.,    observed a small peak in the resistance-vs-pressure curve.    However, 

the phase which these authors obtained above 80 kbars may not be InSb-III,   since they report a 

T    value of 4.8°K. c 
On the basis of discontinuities in resistance-vs-temperature and resistance-vs-pressure 

curves,   Kato and Ikezu    have recently reported a phase boundary between 30 and So kl> 

is similar in slope to the boundary between InSb-II and InSb-III shown in Fig. Ill—4,   but which 
occurs at lower temperatures.    We suggest that errors in their temperature values,   which could 

have resulted because of high temperature gradients in their apparatus,   probably account for the 

discrepancy between their results and the present ones. 

M. D. Banus 
Mary C. Lavine 

D.     BAND INVERSION IN Ph^Si^Se ALLOYS 

Single crystal films of Pb,     Sn Se alloys with rocksalt structure (Oix^ 0.33) have been 

deposited on freshly cleaved (100) faces of KC1 substrates by means of an evaporation technique 
generally similar to those used to obtain single crystals of PbS,   PbSe,   and PbTe (Ref. 9) and of 

Pb.     Sn  Te alloys (Ref. 10).    Determinations of composition by electron microprobe analysis 

show that most of the films are uniform in x,   the mole-fraction of SnSe,   to within the experi- 

mental accuracy of the microprobe,   which is estimated to be ±3 percent of x. 

Measurements of resistivity and Hall coefficient (RH> were made at 300° and 77 °K by con- 
ventional DC potentiometric techniques. At 77 °K, all the films measured have positive values 

of RR,   with hole concentrations (p =  l/R„e) between 8X10      and 3x10      cm     .    By analogy 
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with PbSe, the acceptors are probably lattice defects (specifically, Pb and Sn vacancies) re- 

sulting from the presence of Se in excess of the stoichiometric composition. There appears 

to be no essential connection between net acceptor concentration (NA - NQ ~ p7?) and Sn content. 

Infrared transmission measurements between 2 and 25u.m were made on selected films at 

300°,   195°,   and 77°K.    In order to evaluate the energy gap E    in a consistent manner from the 
position of the absorption edge,   E    was taken to be the energy corresponding to the wavelength 

g 3-1 
at which the absorption coefficient was 1.5 x 10   cm 

The variation of E    with Sn content is shown in Fig. III-5.    Dotted lines have been drawn at 

+ 0.05 and -0.05 eV to indicate that no values of E    could be obtained between these limits,   since 

transmission measurements were not made beyond 25u.m.    (The significance of the negative sign 

adopted for certain values of E    is discussed below.)   The present values are seen to be in 

agreement with values of E    at 77°K corresponding to the emission wavelengths of diode laser.-: 
prepared from PbSe (Ref. 11) and PbQ 96SnQ Q4Se (Ref. 12).    Films with sufficiently low Sn content 

.•xhihil  the positive temperature coefficient of E    which is characteristic of PbSe,   PbTe,   and  PbS. 
As shown in Fig. Ill-5,   E    for the Pb.     Sn Se alloys initially decreases as  x  increases.    At 

6 ' g 1-X        X J J 

each of the temperatures investigated,   E    becomes so small with increasing  x  that the absorp- 
tion edge shifts beyond 25p.m.    However,   when x  exceeds 0.2,   the absorption edge at 77°K once 

more becomes measurable and moves to shorter wavelengths.    In this region of composition and 
temperature,   therefore,   E    increases as  x   increases.    The data also show that in this region 

(where F | is assigned negative values in Fig. III-5) E    decreases with increasing temperature, 
Since  i:    at 195°K is too small to be measured for any value of x  above 0.15.    Thus,   for samples 

g 
with sufficiently high values of x,   both the composition and temperature dependence of E    at low 
temperatures are opposite in sign to those for PbSe.    This sign reversal shows that the Pbj^Sn^Se 

1 3 alloys exhibit the inversion of conduction and valence bands proposed      for  Pbj     Sn  Te alloys. 

) ! 
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According to the band inversion model,  as represented schematically in Fig. 2 of Ref. 1 i, 

the conduction and valence band extrema of PbTe are L-   and L,   states,   respectively.    With 

increasing Sn content,   these states approach each other,   become degenerate at a value of  x 

which increases with increasing temperature,   and then interchange.     Beyond the  inversion point, 

where E    =0,   the L,   state forms the conduction band edge,   and the L,   state forms the valence g 6 6 
band edge.    This band model should be directly applicable to the Pb.     Sn Se alloys with rock- 

salt structure,   since PbSe has essentially the same band structure as PbTe. 

For the Pb       Sn  Te alloys,   the change in band structure with composition lias been attrib- 
13 uted to the influence of relativistic effects on the energies of the conduction and valence bands. 

It is probable that the changes in Pb.     Sn  Se band structure are also due principally to the dif- 

ference between the relativistic energy shifts of the Pb and Sn atomic valence states. 

In Kig. III-5,   negative values of E    have been assigned to those sample compositions and 

temperatures for which the energy bands are inverted from those in PbSe.    Adopting tins con- 

vention makes it possible to represent the data by straight lines,   satisfying the equation l\ t  (eV) 
-4 

0.13 + (4.5 x 10     )T— 0.89x.    According to this equation,   band inversion occurs at 77°,   195°, 

and 300°K for  x =  0.19,   0.25,   and 0.30,   respectively. .    .    c. J A. ,!. Strauss 

E.    MAGNETIC  PROPERTIES AND CRYSTAL STRUCTURE OF MnYb2S4 

Magnetic interactions between rare-earth and 3d transition cations in crystals have not been 

extensively investigated.    In an attempt to obtain additional information concerning such inter- 

actions,  a magnetic and structural study has been made of the tliio-spmel MnYb?S   .    Spinel com- 

pounds (AB,X.),   in which the A and  B cations are situated in a highly covalenl anion lattice, 

provide a favorable environment for interactions between magnetic cations.    A variety of I 

netic interactions, have been observed in these compounds,   but no magnetic  study has been made 

on a spinel containing both rare-earth and transition cations. 
14 

MnYb7S. can be prepared by passing II S over a stoichiometric mixture of the oxides.       We 

have found it more satisfactory to synthesize the compound by reacting a stoichiometric mixture 

of Yb.,S,,   manganese metal,   and sulfur in an alundum crucible sealed  in silica under vacuum and 

fired at 1300°C for 24 hours.    The material obtained is microcrystalline and olive green in color. 

The magnetic susceptibility of MnYb?S. was measured as a function of temperature with a 

vibrating sample magnetometer.    A plot of i/\ vs  T   for the data is shown in Fig. III-6.     In the 

paramagnetic region,   this plot has an inverse slope of 9.52,   which is just equal to the sum of 

contributions from Yb      and high-spin Mn     ,   for which n-. 5.92 ß.    The magnetization de- 

pends linearly on magnetic field at both liquid nitrogen and liquid helium temperatures,   which 

indicates that there is no magnetic interaction between the Yb      and Mn      ions down to Low 

temperatures.    The deviation from a straight line in the plot of Fig. III-6 at temperatures below 

60°K can be attributed to the Yb       ions,   since it is essentially the same as the deviation observed 

for YbF3 (Ref. 15). 

In order to refine the structure ofMnYb  S   , the intensities of x-ray powder diffraction peaks 

were measured with a General Electric XRD5 diffractometer using Ni-filtered Cu K     radiation. 

The intensities are expressed relative to the intensity of the strongest  line  (311),   which wa: 

measured each time in order to eliminate the effects of long-term instrument drift.    Where two 

or more peaks could not be resolved,   their intensities are grouped under a single  intensity. 
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16 
The structural parameters were refined by using a computer program      which adjusts all 

parameters including site occupancy to obtain a minimum value for the factor   R,   defined as 

1002|l        —I     .   | /S 11 |.    The observed and calculated intensities obtained by applying this 
ODS C3.1C ("till.* 

program are compared in Table III-2.    The final refinement gave R = 8.2,   a   U  parameter for 

the sulfur position of 0.380 ± 0.002,   and the temperature factors B.„    = 0.0,   B.,,   =  0.5,   and p r Mn i b 
B^ = 0.1.    The Mn atoms occupy the tetrahedral positions,   and the Yb atoms occupy the oc- 

tahedral positions in the spinel structure. 

In an attempt to improve the agreement between calculated and observed intensities, the 

calculations were repeated (1) allowing the concentration of Mn on octahedral sites and Yb on 

tetrahedral sites to vary, and (2) allowing the tetrahedral Mn atoms to fill the octahedral va- 

cancies in the spinel structure. The agreement was not improved in either case. The rela- 

tively large value of R may be due to the deterioration of the sample surface because of attack 

by the atmosphere. 

The S atoms are the only atoms in the spinel structure whose positions may vary.    For 

ideal close packing,   their   U  parameter would be 0.375.    The value of 0.380 measured for 
2+ 17 

MnYb  S.  is lower than the values obtained for other Mn      spinels       (e.g.,   Mnln,S   ,   0.384; 

MnCr,S.,   0.386;   MnAl90.,   0.390) because of the larger size of the Yb       ions compared with 

the other 3+ cations.     (Patrie,   Flahaut,   and Domange      found the   U  parameter for MnYb,S. 

to be 0.375 ± 0.004,   but this value was obtained from the intensity ratios for only two sets of 

reflections,   311/333-511 and 531/731-533.) J. M. Longo I).  Batson 
P. M. Raccah      C. H. Anderson 
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TABLE   III-2 

OBSERVED VS CALCULATED'X-RAY  INTENSITIES FOR ^nYb  S 

(a = 10.95, U parameter = 0.380, R = 8.2) 

(hk() 1  , obs 1     , calc (hid) obs 
1    , calc 

111 64.2 64.3 555, 751, 662 14.8 15.2 

220 8.9 5.7 840 17.0 16.2 

311 100.0 100.0 753, 911 6.6 4.5 

222 27.2 26.5 931 8.0 7.4 

400 50.2 63.2 844, 755, 933, 771 23.6 22.2 

331 16.2 15.8 862, 773 

422 4.9 2.5 951, 666 
10,2, 0;  10,2, 2 

11.8 11.9 

511, 333 44.2 41.0 
953 2.9 2.4 

440 63.4 69.6 
775;   11,1,1 4. 1 3.5 

531 

620 

15.8 

3. 1 

15.9 

1.0 
880, 955 
11, 3, 1;   971 

11.9 10.9 

533, 622 24.8 25.3 973;   11, 3, 3;   10, 6, 2 10.8 8.4 

444 

551, 711 

16.2 

9.0 

14.0 

8.2 

884, 777 
12,0,0;   11,5,  1 11.7 11.7 

642 2.0 1.2 975;  U, 5, 3 8.4 8. 1 

553, 731 19.2 20.4 12, 4, 0;  991 15.9 15.9 

800 8.8 9.9 11, 5, 5;   13, 1, 1 
11, 7, 1;   10,6,6;  993 

12.0 13.3 

733 

822, 660 

2.3 

1.0 

1.4 

0.6 
12, 4, 4;   11,7, 3 
13, 3, 1;  977 

11.6 14.4 
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IV.    PHYSICS   OF   SOLIDS 

A.     ELECTRONIC  BAND STRUCTURE 

1. Exciton Fine Structure in Interband Magnetoabsorption of InSb 

We have observed exciton fine structure in the interband magnetoabsorption spectrum of 

InSb.    This structure can be used to estimate the exciton contributions to the energy leve] 

rations deduced from the interband magnetoabsorption and to check existing theories for exciton 
levels in high magnetic fields.    By going to a lower temperature,   much sharper absorption lines 
were obtained than observed previously.    The two lowest energy absorption bands observed with 
E||H and propagation transverse to the field involve the lowest spin-up and spin-down cond 
band Landau levels,   respectively.    Three components were resolved in each of these hands. 
From the symmetric line shape,   it was deduced that the two components at lower energy are 

associated with discrete exciton levels.    The component at higher energy is relatively weak and 

appears as an edge,   with absorption dropping off slowly on the high energy side;   this behavior 
is characteristic of the exciton continuum as predicted by Elliott and Loudon.     Only the lowest 

exciton peak can be seen at low magnetic fields,   where its energy appears to be quadratic 

H.    The separation between the lowest exciton peak and the edge agrees closely with theory lot- 
magnetic fields up to 40 kG.    The location of the exciton peaks of intermediate ene nol 
accounted for by the theory of Elliott and Loudon,   and are probably associated with forbidden 

transitions involving additional valence band levels. 
E. J. Jo inson 

2. Magneto-Optical Studies on Vapor Transport Grown GaSe at 1.5 K 

During this quarterly period,   we have been examining samples of vapor transport grown 
GaSeJ   The spectrum obtained from these crystals is appreciably different  fro rved 

in melt grown material.    A photographic print of the absorption spectrum for a 3.7-n thick vapor 
transport grown sample is shown in Fig. IV-1.    This was taken in the Faraday geometry at   1.5   k 
and at fields up to 93.5 kG.    At the lower fields,   more than a dozen Landau transitions can 

seen.    At higher fields,   a new series of lines that fall between the lines of the main series is ob- 
served.    Representative densitometer traces of the spectra shown in Fig. IV-1 are presented in 
Fig. IV-2.    The absorption coefficient o(H) for this material is approximate y three times  I 

at the peaks than has been previously observed.    We attribute this to the total absence of strain 
in the sample.    With the application of a magnetic field,   the density of states coalesces rij 
the Landau levels rather than smearing out around them;   thus,   for the first time,   magneto- 

absorption oscillations of the direct transition appear on transmission as sharp spikes rather 

than the previously observed damped sinusoidal-like oscillations. 

The second series first appears between 25 to 30 kG.    The ratio of the absorption of the peaks 

of the second series to that of the first for a given field increases approximately linearly w ith 

; We are grateful tu E. Mooset "f the (A anamid European Researi li Institute, Geneva, for making this material available lo ua 
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Fig. IV-1. Photographic print of absorption spectrum of vapor transport grown GaSe 

in Faraday geometry at 1.5°K. Alternate exposures are for right and left circularly 

polarized light, respectively. 
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Fig. IV-2. Densitometer traces of representative spectra of Fig. IV-1 for unstrained 
GaSe. All traces shown here are for right circularly polarized radiation. Ordinates 
are in units of optical density, hence they are proportional to absorption coefficient 
(one division ~500 cm"'). 
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MAGNETIC  FIELD UG) 

Fig. IV-3. Positions of magnetoabsorption direct transitions in unstrained GaSe as function 
of magnetic field for Faraday geometry. Lowest three transitions have been indicated for 
both left and right circularly polarized light; for clarity, higher energy transitions have 
been shown for right circularly polarized light only. 
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magnetic field.    In the limit of H = 0,   this new series converges for higher magnetic quantum 

numbers to the same edge energy (within ±0.5 meV) as does the previously observed    mam series, 

both of which are shown in the fan chart in Fig. IV-3.    This fact and the similarity in the line- 

shapes of the two series suggest that the two series correspond to transitions at the same posi- 

tion in the Brillouin zone (the T-point).    The second series has a transverse  reduced effective 

mass of ~0.13 m and a linear Zeeman splitting corresponding to a g-factor g,     — g 3.0. 

There are several interpretations that are not incompatible with the  present experimental data, 

all of which lead to the conclusion that one of the band edges at the energy gap is a complex band. 

Most probably,  the valence band is doubly degenerate.    (The point group of GaSe is I)... ,   which 

has two-dimensional representations at the T-point.)   That the transverse reduced mass for the 

second series is approximately equal to that for the first series leads to the following two most 

likely possibilities:   (a) both hole masses are large and the two series correspond to An = 0 tran- 

sitions from each of the hole ladders,   or (b) the lighter hole mass is approximately 2 to 3 times 

the electron mass and one obtains a set of transitions for some value An ^ 0 in addition to the 
3 

allowed transition.    This second model is consistent with transport data obtained by Brebner    for 

holes in GaSe.    As can be seen in Fig. IV-2,   a third series appears at fields >60 kG;   this series 

is now being studied in detail. .   TT   , a J. Ilalpern 

3.    Interband Magnetoreflection and Band Structure of HgTet 

4 s 

The analysis of HgTe interband magnetoreflection data    by the coupled I", — r_, — r„ theory 

has been completed.    The r, •* r„ transitions are observed only up to photon energies winch 

correspond to initial and final states 0.05 eV,   or less,   into the T,  valence band and r„ conduction 

band.    These transition energies agree well with those predicted by the theory.    With higher band 

parameters which are about the same as those of germanium and InSb,   we have made a two- 

parameter least-squares fit and find E    E E(T6) - E(rg) = -0.283 ± 0.001 eV,   and E    = 18.1  ± 

1.0 eV,   where E    is proportional to the square of the momentum matrix element between  I"    and 

r    states.    The stated uncertainties on the best-fit parameters are several times those which 

occur when the higher band parameters are varied over a range generated by their values in ger- 

manium,   InSb and gray tin. 

Since transitions between r„ bands extend more than 0.2 eV into the T„ conduction bands,   the 

theory of Ref. 5 is not adequate to give a close fit;   this theory includes the I"K — r,_ (higher 

conduction band) k •   p interaction only to order k   .    For transitions above 0.1 eV   in the r„ con- 

duction band (which are observed in our experiment),   higher order contributions are important. 
A 7 

['lie zero magnetic field theories of Fawcett,   and of Cardona and Pollak,   applied to germanium, 

treat this   k   •   p   interaction exactly and give 10-percent corrections to the k    theory at energies 

of 0.1 to 0.2 eV into the r„ bands.    A correction of this size would therefore be expected for HgTe 

and is of the proper sign to greatly improve the fit between experiment and theory. 

We have not been able to obtain information on the size of the inversion asymmetric terms, 

partly because they are not included in our theory.    Theoretical work which has treated them has 

been applied only to InSb (Ref. 8),   and the computational results are too specific to be useful to 

us.    We hope that a comparison of the F    •» r„ transitions in HgTe and gray tin will give exper- 

imental evidence of the size of these terms in HgTe. 

t This experiment was carried out using the high field facilities of the National Magnet I .aboratory, Mil 
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E    and E   ,   found from the r, -» ro transition data,   have been used to calculate the varia- 
g P 6 8 

tion of effective mass m* with concentration  n for the r„ conduction band.    This result is in 

good agreement with determinations from the Shubnikov-de Haas effect,   Lntraband reflection, 

intraband magnetoreflection,   and high magnetic field thermoelectric power measurements,   ex- 
t Pi — 3 

cept at concentrations greater than 1X10       cm      where the higher band terms,   of order g] 
2 

than k   ,   make a measurable contribution.    Some of the m* vs   n  data have been used in the past 

by several authors to obtain E    «— 0.15eV and E    =s 14eV.    There are two reasons why these 
g P 

analyses gave quite different results from the direct interband magnetoreflection measurement: 

first,   the scatter in the m* vs  n  data is very large;   second,   at high concent rat ion values,   the 

considerable contribution from higher band terms of order greater than kt_ (and also all higher 

band terms) was neglected.    The higher band contributions are much more important for mate- 

rials such as gray tin and HgTe with a T„ conduction band than for materials such as [nSb with 

a r,  conduction band. 

A more detailed description of these results is being submitted for publication. 

S.U. ('• roves 
K.M. Brown1 
('. R.  Pidj 

4.    Magnetoreflection Experiments in Arsenic 

Study of the magnetoreflectivity of arsenic is continuing.    The oscillations observed witl 

magnetic field parallel to the binary axis were found to arise from transitions between a pair of 

bands with at y gap of 0.346 ± 0.002 eV and a reduced effective cyclotron mass,   near the 

bottom of the band,   of 0.023   m   .    At higher energies,   the dispersion the banc 

volved in the transitions become significantly nonparabolic. 

Magnetoreflectivity oscillations with the field parallel to the bisectrix axis have also been 

observed.    The data were quite similar to that found for the binary face.     \\ ith an improvement 

in the spectral resolution,   we were able to observe the lowest quantum oscillation and found thai 

the amplitude of this oscillation went abruptly to zero at 0.36t) i \.   which is 0.014eV above the 

energy gap.    This definitely indicates the presence of a small pocket of carriers associated with 

one of the bands involved in this transition.    The number of carrier's  in the neu  pocket  is too 

small to significantly affect the equality condition between the number of holes and electrons, 

which is required of a semimetal.    Also,   the de Haas-van Alphen period will be very  long,   which 

may explain why no de Haas-van Alphen oscillations associated with this carrier have y< l 

found. 

It was determined that the magnetoreflectivity oscillations disappeared when the lighl was 

polarized perpendicular to the trigonal axis.    The only points in the Brillouin /one which have 

bands of the proper symmetry to give rise to such optical selection rules  lie among the tr 

axis.    The similarity of the binary and bisectrix data is also consistent with this conclusion. 

However,   our findings are in direct contradiction with the Lin-Falicov model for arsenic,      win. h 

places no carriers along the trigonal axis of the Brillouin zone. 

; National Magnet  I .atiiaatm y,  M.I.T. 
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On the other hand,   the magnetoreflectivity oscillations previously reported for the magnetic 

field perpendicular to the trigonal face are predicted by the Lin-Falicov band model as arising 

from transitions across a gap produced by the spin-orbit splitting of a crossover' degeneracy 

along the Q or twofold axis.    At present,   further tests for the validity of this band model are be- 

arried ou1 by Dr. S. Iwasa at the National Magnet Laboratory,   using high resolution laser 

spedroscopy. 
M.S. Maltzt 
Mildred S. Dresselhaus 

5.    Fourier Expansion of Phonon Dispersion Relations for Silicon and Germanium 

The Fourier expansion technique,   previously used to calculate the electronic energy bands 
11 

and dielectric constant of silicon and germanium,      has now been applied to the lattice vibration 

spectrum for solids which crystallize in the diamond structure.    There are three acoustic and 

three optical branches in the phonon problem.    The Fourier expansion of the equations of motion 

for these phonons is of precisely the same form as that for the coupled bonding and antibonding 

p-bands of the electron problem.    Whereas the eigenvalue of the effective mass Hamiltonian for 

the electron problem yields the dispersion relation directly,   the eigenvalue of the phonon prob- 
2 

lern is [oj(k)l   ,   the square of the phonon frequency. 

The determination of the band parameters or F'ourier expansion coefficients for the phonon 

problem  is very simply accomplished because of the large quantity of available experimental 

information.    These parameters are evaluated explicitly to third nearest-neighbor terms for 

silicon and germanium using experimental measurements of the elastic constants and of the vibra- 
12 13 

tional spectrum as obtained by neutron diffraction.    ' 

The force constant model,   which has previously been used to express the dispersion rela- 
14 

tions for phonons in these materials,      is of the same form as the Fourier expansion.    The major 

advantage of the Fourier expansion point of view is that one need not be restricted to any partic- 

ular model,   but only to the crystal symmetry.    This flexibility makes it possible to include inter- 

actions to distant neighbors,   thereby obtaining dispersion curves which are in better agreement 

with the experimental data,   particularly with regard to the curvature of the branches. 

G. F. Dresselhaus 
MildredS.  Dresselhaus 

B.     MAGNETISM 

1.    NMR in Ferromagnetic Semiconductor CdCrgSe, 

53 We have observed the zero field Cr      nuclear resonance in the ferromagnetic state ol  the 

spinel ('d( r ,Se..    At 4.2°K,  the resonance occurs at the relatively low frequency of 44.54 MHz, 

which indicates considerable covalency and is consistent with the semiconducting behavior of 

this compound.    The resonance is split by quadrupole interactions into a triplet of sharp lines 

with widths of 30kHz or less,   and with a total temperature-independent separation of 1.8M1I. 

Quadrupole splitting appears inconsistent with the reported positive sign for the cubic anisotropy 

'• Department ol Elei trical Engineering, M.I. I . 
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constant K,  (Ref. 15).    The resonance signal was followed from helium temperatures to 115 °K 

(0.9 T  ) with a super-regenerative spectrometer.    Spin-echo measurements show that the loss 

'of signal above 115°K can be attributed to a rapid increase in the nuclear relaxation rate with 

temperature.    As a function of temperature,   the hyperfine field decreases much more rapidly 

than the magnetization predicted by molecular field theory and somewhat more rapidly than the 

previously measured magnetization. 

Between liquid helium and liquid nitrogen temperatures,   the hyperfine field shows a sur- 
prisingly linear decrease with temperature.    If we assume,   as is normally done,   that the hyper- 

fine field H,        is proportional to the magnetization as described by II,        = AI • <S)>  ,,   then hyp                                                      b                                                     J     hyp          nuc el 
the linear temperature-dependent term in the magnetization dominates any higher power term at 

3/2 low temperatures.    This would be contrary to the expected T  '      and higher power terms ex- 

pected from simple spin wave theory.    The explanation may lie in a more realistic spin wave 

calculation,   taking into account the large number of magnetic interactions or,   alternatively,   there 
may be a large temperature dependence of the hyperfine constant   A.    The value of  A  depends on 

the covalency of the chromium ions with selenium;   since the band structure in this compound,   as 

determined from optical data,   changes rapidly with temperature,   the observed difference between 

the hyperfine field and magnetization may be caused by the change in covalency. 

M. Rubinsteint      J. Feinleib 
G.H. Stausst A. Woldt 

2.    High-Temperature Expansion of Spin Correlation Function 
for Classical Heisenberg Model 

The following is an abstract of a paper which is being submitted for- publication and will con- 
stitute part of a Ph.D.   thesis to be submitted to the Department of Physics,   Harvard University. 

"The diagrammatic representation of the first nine coefficients for loose-packed 

lattices and the first eight coefficients for close-packed lattices in a high-temperature 
series expansion of the zero-field spin correlation function (S, • S   ), is presented. f       g ß 
This calculation exploits the order-of-magnitude simplifications which occur in treat- 

ing the quantum-mechanical spin operators in the Heisenberg model as isotropically- 
1 /z interacting classical vectors of length [S(S + 1)]   '    .    This semiclassical approximation 

the "classical" Heisenberg model — appears to be excellent for some critical propert Les 
of interest if S > l/2.    A recursion relation is seen to obviate the need to consider the 
sizable classes of disconnected diagrams and diagrams containing articulation points. 

The utility of the high-temperature series for <Sf •  S   >    is discussed.    It contains 
information — relevant to current experiments — not contained in the high-temperature 

expansions for the thermodynamic functions (e.g.,   susceptibility,   specific heat),   as 
well as providing an efficient method of extending the series for all the thermodynamic 

functions together.    As an example of the applicability of the series expansion of 
<S„ •   S  y„ to obtain information concerning the short-range magnetic order to be 

M ,S. Naval  Research I .aboraton . Washington, D.C. 

! Brown University, Providence, Rhode Island. 
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expected for T > T  ,   a calculation of the elastic paramagnetic neutron scattering 

cross section for normal cubic spinels with nearest-neighbor A-B exchange 
interactions is given,   and contact is made with the experiments on MnCr.,0.." 

H. E. Stanley 

C.    SCATTERING EXPERIMENTS WITH LASERS 

1. Resonant Stimulated Raman Scattering 

We have observed Raman scattering in quartz at low temperatures (~20'K) in which the 

Stokes line is split into two or three sharp components.    The splitting,   of the order of 0.2 cm 
was measured precisely on a Fabry-Perot etalon;   it corresponded to the resonant frequency of 
the quartz sample cavity,   which had plane,   parallel end faces.    The interesting aspect of this 
observation is that the calculated refractive index of the sample is approximately 10 to 20 percent 
larger than the usual index for quartz. 

The splitting scales approximately with change in sample length;   furthermore,   the second 

Stokes line is also seen occasionally to be split into similar components.    The spontaneous Raman 
line is,   of course,   many wavenumbers wide and can thus support a number of cavity modes near 

its peak.    The increase in refractive index is presumably due to the nonlinear response of the 

material under high electric field intensity;  however,  the effect seems to depend on the focal 

length of the lens used to focus the beam into the sample.    The dependence of the splitting as a 
function of incident laser power is now under investigation. 

P. E. Tannenwald 
F. H. Perry 

2. Raman Spectra of Trigonal,  o-Monoclinic, and Amorphous Selenium 

We have measured the Raman spectra of three modifications of selenium at room tempera- 
3+ ture using a YAG:Nd      laser.    The first-order Raman spectrum of trigonal selenium consists of 

three strong lines.    We have identified the mode symmetry by polarization measurements shown 
in Fig. IV-4.    The second-order spectrum shown in Fig. IV-5 can be explained in terms of two- 

phonon transitions.    The assignment of modes in the Raman spectra of a -monoelinic (Fig. IV-6) 
and amorphous (Fig. IV-7) selenium is discussed in detail in a forthcoming publication. 

A. Mooradian 
G. B. Wright 
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SHIFT  IN   WAVE   NUMBERS 

Fig. IV-4. Polarized light Raman spectrum of trigonal selenium. In symbol 
a(bc)d, a and d give direction of propagation of incident and scattered 
light relative to crystal axes, while b and c give direction of propagation 
of incident and scattered light. 
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Fig.lV-5.    Second-order Raman spectrum of trigonal selenium. 
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Fig. IV—6.    Raman spectrum of a-monoclinic selenium. 

100 150 200 250 
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Fig. IV-7.    Raman spectrum of amorphous selenium. 
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